Introduction {#s0005}
============

Effluents from various industries contain harmful coloring agents, which have to be removed to maintain the quality of the environment. Paper, fabric, leather and dyestuff production are some of the industries that release harmful effluents [@b0005]. Dyes used in various industries have harmful effects on living organisms within short exposure periods. The disposal of dyes in wastewater is an environmental problem that causes ill effects to the ecosystem [@b0010]. Conventional wastewater treatments such as chemical coagulation, activated sludge, trickling filter, carbon adsorption and photo-degradation were used for the removal of dyes [@b0015]. Recently adsorption processes have been demonstrated as a potential technique for the removal of dyes from wastewater. Dye adsorption is a process of transfer of dye molecules from bulk solution phase to the surface of the adsorbent. Screening of biological adsorbents is an eventual task for environmental scientists and engineers, with its due merits. The most common biological adsorbents, or material from which they are produced, used in the process of adsorption include activated carbon (coconut shell), tree bark, lignin, shellfish shells, cotton, zeolites, fern, and compounds contained in a number of minerals and microorganisms (bacteria, fungi and yeast) [@b0020]. Ease of access, cheap rate, reliability and ability to compete favorably with the conventional adsorbents make the biological adsorbents on demand than the synthetic ones [@b0025].

Chitin is a biopolymer of 2-deoxy-β-[d]{.smallcaps}-glucose (N-acetylglucosamine), which is linked by β(1--4) glycosidic bonds found in nature [@b0030]. Chitin is a rigid scaffold found in arthropod cuticle. Arthropods, include the crustaceans (e.g. crabs, lobsters, and other isopods), insects (e.g. wasps, bees, ants, beetles), arachnids (e.g. spiders, scorpions, ticks, mites), centipedes, millipedes and several lesser groups, account for approximately 80% of all known animal species [@b0035]. Distribution of chitin is a widespread trait among both unicellular organisms (yeast, protists and diatoms) and invertebrates, from the first Metazoans (sponges) through the invertebrate (chordates) and up to fish [@b0040]. In fungi chitin is the characteristic component of the taxonomical groups Zygo-, Asco-, Basidio- and Deuteromycetes [@b0045]. Chitin can be directly drawn out in large quantities from crab, prawn shells and seafood wastes. *Penaeus monodon* (Fabricius, 1798) is a crustacean found in all coastal areas worldwide*.* The waste produced from shrimps is an emerging problem in countries such as India, where the food industry is based mainly on seafood [@b0050]. In India, more than 1,00,000 tons of shrimp bio-waste is generated annually and only an insignificant amount of that bio-waste is utilized for the extraction of chitin while the rest is discarded or underutilized [@b0055], [@b0060], [@b0065], [@b0070]. Therefore, extraction of economically important chitin from the shells of *P. monodon* (Fabricius, 1798) and its utilization in wastewater treatment are an additional source of income, which also reduces the problems created by shrimp waste. The application potential of chitin is multidimensional, such as in food and nutrition, material science, biotechnology, pharmaceuticals, agriculture and environmental protection [@b0075]. The stability of chitin opens the way for the use of chitin as a template molecule for hydrothermal reactions and ultimately leads to the synthesis of advanced materials [@b0080]. Synthesizing nanoparticles from chitin and chitosan enhances its application due to its larger surface area [@b0085]. The aim of the present study was to investigate the CNP adsorption capability on three major industrial dyes, namely Methylene Blue (MB), Bromophenol Blue (BPB) and Coomassie Brilliant Blue (CBB). Efficacy of CNP over dye retention has been investigated at varied operating conditions such as pH, CNP dosage, contact time and initial dye concentration. The adsorption capability of CNP toward these dyes has been evaluated using Langmuir and Freundlich isotherms and their adsorption kinetics has been analyzed using pseudo first order and pseudo second order kinetic models. The chemical structure experimental dyes are presented in [Fig. 1](#f0005){ref-type="fig"}(a)--(c).

Material and methods {#s0010}
====================

Materials {#s0015}
---------

*P. monodon* (Fabricius, 1798) shells were collected from the Estuary of Southeast coast of Mandapam, Tamil Nadu, India. Sodium hydroxide, Acetone, Ethanol and Hydrochloric acid used were purchased from Sisco Research Laboratories Pvt. Ltd., Mumbai, India, and Dialysis membrane was purchased from HiMedia Laboratories, Mumbai, India. Methylene Blue, Bromophenol Blue and Coomassie Brilliant Blue were purchased from Sigma--Aldrich, USA.

Chitin nanoparticles isolation and characterization {#s0020}
---------------------------------------------------

Shells of *P. monodon* (Fabricius, 1798) were collected from the east coastal regions of (Mandapam) southern Tamil Nadu, India. The shells were washed in running tap water to remove the soluble organics, adherent proteins and other impurities. Washed shells were air dried at 25 ± 1 °C for 2 weeks. Dried shells were soaked in 0.5 M NaOH at 25 ± 1 °C for 24 h for the removal of proteins and lipids existing with shells. The NaOH was drained and the shells were washed with distilled water until the pH reaches neutral. The shells were again dried at 50 °C in a hot air oven for 48 h. Dried shells were ground as fine powder using a domestic blender and subjected to acid hydrolysis. The shells were soaked in 0.25 M HCl for 45 min and rinsed with distilled water until the pH reaches neutral. Again the sample was soaked in 2.5 M NaOH for 6 h at 80 °C and washed with distilled water until the pH reaches neutral. The alkali treatment was repeated twice and the remaining organic soluble compounds from the sample were removed by washing with acetone and ethanol thrice. The sample was dried for 10--15 days in hot air oven at 40 °C and white colored chitin was obtained.

CNP were isolated from the purified chitin by repeated acid hydrolysis [@b0085]. Chitin powder was soaked in 3 M HCl for 1.5 h at 90 °C in a water bath. The sample was centrifuged at 6000 rpm for 10 min and the pellets were collected. The acid hydrolysis step was repeated thrice and the pellets were suspended in distilled water to dilute the acid concentration. The suspension was dialyzed against distilled water until it reaches pH 6 and was homogenized using a tissue homogenizer. The homogenized sample was collected and lyophilized at −60 °C to get the powder form of CNP. Mechanical disruption and ultrasonication were carried out to cut down the size of nanoparticles.

UV--Visible spectrophotometer was used to study the covalent and noncovalent interactions of a compound [@b0090]. UV--Visible spectra of chitin were recorded in aqueous acid solution (0.1 M HCl) in a 1.0 cm Quartz cell at 25 ± 1 °C. The absorbance was measured using Shimadzu UV-2401 PC double beam spectrophotometer at the range between 190 and 500 nm range and 0.1 M HCl solution was used as control.

Fourier transform infrared (FTIR) spectra of chitin and CNP were recorded with Nicolet 380 FTIR spectrometer. The sample was prepared at 0.25 mm thickness as KBr pellets (1 mg in 100 mg KBr) and stabilized under reactive humidity before acquiring the spectrum. The spectrum was measured between 400 and 4000 nm for 32 scans.

Solid state ^13^C NMR spectrometer was used to analyze the magic angle spinning (MAS) of the sample (BRUKER DSX-300; BrukerBioSpin GmbH, Germany). Crosspolymerization MAS ^13^C NMR spectrum of the sample was analyzed at 75 MHz, and the spinning rate was 9 kHz with a contact time of 0.0001 s and 5 s delay in between 2048 scans. CP-MAS NMR spectra were used to confirm the allomorphic nature and to estimate the degree of acetylation (DA) of the chitin and CNP. DA was calculated by dividing the resonance intensity of methyl group carbon by the average of glycosyl group carbons using the following equation [@b0095]:$$\text{DA}\% = \text{CH}_{3}I/\lbrack C_{1}I + C_{2}I + C_{3}I + C_{4}I + C_{5}I + C_{6}I\rbrack \times 100$$

X-ray diffraction measurement on the powder sample was carried out (2 theta = 10--80° at 25 °C) using a diffractometer system (XPERT-PRO, PANalytical) equipped with Ni-filtered Cu K-Alpha1 radiation (*k* = 1.5406 Å). The diffractometer was operated with 0.47° divergent and receiving slits at 40 kV and 30 mA. A continuous scan was carried out with a step size of 0.05° two theta angle and a step time of 10.1 s. The crystalline index (*I*~CR~) was calculated using the diffraction pattern with methods employed for diffraction studies of the polymers. Crystalline index was calculated using the intensities of the peaks at \[1 1 0\] lattice (maximum intensified peak) and at amorphous diffraction peak (am) by the following equation [@b0100]:$$I_{\text{CR}}\% = (I_{110} - I_{\text{am}})/I_{110} \times 100$$

Thermo-gravimetric analysis of the chitin and CNP was done using Shimadzu TGA-Q500 instrument. About 4--6 mg of the sample was heated at 10 °C/min under nitrogen atmosphere (50 mL/min) in an interval of 20--900 °C.

Morphological examination of CNP was performed by High Resolution SEM. The sample was coated on copper grid and the microscopic analysis was conducted using a Quanta FEI 250, SEM operated at 10 kV.

Transmission Electron Microscopic (TEM) analysis was performed by dispersing the sample in milli-Q water, where one drop of the suspension was deposited in a carbon coated copper grid and allowed to air-dry. TEM imaging was performed using TECHNITE10 (Philips) under 80 kV power supply. Image analysis software ImageJ (National Institutes of Health, USA) was used to determine the size of the CNP.

Detection of particle size measurements of CNP was conducted using a Zetasizer Nano ZS DLS instrument (Malvern Instruments, Worcestershire, UK). The instrument used refractive index RI = 0.197, absorption = 3.090 and water as dispersant: temperature *T* = 25 °C, viscosity = 0.8872 cP, RI = 1.330 for measurements. The derived count rate, in kilo counts per second (kcps) was recorded during particle size measurements.

Adsorption studies {#s0025}
------------------

Adsorption experiments were carried out as batch modes. Stock solution of the dyes was prepared and diluted with double distilled water. The pH of the dye solutions was adjusted using 0.1 N NaOH or 0.1 N HCl and obtained the desired pH (2--11). For each experiment, 15 mL of known dye solution was taken and 15 mg of CNP was added. The mixture was kept at 25 ± 1 °C and agitated at a constant speed (150 rpm/min). The samples were then collected and centrifuged at 7000 rpm for 10 min. The dye concentration in the supernatant was analyzed using a UV--Visible spectrometer. The absorbance at 668 nm (MB), 590 nm (BPB) and 580 nm (CBB) was used to calculate the equilibrium adsorption of the dyes. The percentage removal of dye was calculated using the following equation [@b0105]:$$\text{Percentage\ of\ removal} = ((C_{0} - C_{t})/C_{0}) \times 100$$where *C*~0~ and *C~t~* are the initial and final concentrations of dye before and after the adsorption in aqueous solution.

Quantity of adsorbed dyes at equilibrium was calculated using the following equation [@b0110]:$$q_{e} = (C_{0} - C_{t})v/w$$where *C*~0~ is the initial concentration (mg/L), *C~t~* is the dye concentration at various time intervals (mg/L), *v* is the volume of experimental solution (mL) and *w* is the weight (g) of CNP.

Each experiment was performed in triplicate in identical conditions and the mean values were calculated.

Adsorption isotherms {#s0030}
--------------------

Isotherms were used to express the relationship between the mass of dye adsorbed per unit mass of the adsorbent and the liquid phase dye concentration [@b0115]. In the present investigation, two isotherm models, namely Langmuir and Freundlich isotherms have been adopted. The experimental data obtained from the effect of time interval in adsorption process were used to calculate the adsorption isotherms ([Table 1](#t0005){ref-type="table"}).

Adsorption kinetics {#s0035}
-------------------

The experimental data were investigated to study the adsorption process controlling system [@b0120]. The pseudo first order and second order kinetic models were used and the experimental data obtained from the effect of time interval in adsorption process were used to calculate the kinetics ([Table 1](#t0005){ref-type="table"}).

FTIR spectroscopy {#s0040}
-----------------

Fourier transform infrared (FTIR) spectra of dyes, CNP, before and after adsorption were recorded with Nicolet 380 FTIR spectrometer. The samples are prepared as described previously (Chitin nanoparticles isolation and characterization).

Results and discussion {#s0045}
======================

Chitin nanoparticle isolation and characterization {#s0050}
--------------------------------------------------

White color chitin power was obtained after deproteinization by NaOH, demineralization by HCl and removal of organic pigments using acetone and ethanol treatment of the shells. Further hydrolysis of chitin powder using HCl gives chitin nanoparticles. The sample was lyophilized in freeze-dryer and obtained the nanoparticles in powder form. In the present study, we used dried chitin powder as a precursor material for the preparation of chitin nanoparticles. Drying of chitin generates strong hydrogen bonds between fibers. Hence when treated with acid it forms nanoparticles instead of nanofibers. Series of chemical treatments and mechanical disintegration of shell wastes in wet condition give chitin nanofibers [@b0125], [@b0130], [@b0135]. The mechanism of hydrolysis of chitin into CNP is shown in [Fig. 1](#f0005){ref-type="fig"}(d). The acid hydrolysis of chitin involves two main reactions namely depolymerization (hydrolysis of glycosidic bond) and deacetylation (breakdown of N-acetyl linkage), which was controlled by the concentration of acid used [@b0140]. In the present study, 3 M HCl was used for the hydrolysis of chitin.

The UV--Visible spectrum of CNP exhibits the maximum absorption at 201 nm in 0.1 M HCl ([Fig. 2](#f0010){ref-type="fig"}(a)). According to Liu et al. [@b0090] *λ*~max~ value for N-acetyl glucosamine (GlcNc) and glucosamine (GlcN) in 0.1 M HCl was 201 nm, which indicates that the monomer units present in the chitin were responsible for the observed *λ*~max~ value. In the present study, the absorbance was obtained at 201 nm indicating the presence of compounds namely N-acetyl glucosamine and glucosamine. Chitin and chitosan are having two chromophoric groups including GlcNc and GlcN. The extinction coefficient for wavelengths shorter than 225 nm was nonzero for these chromophoric groups. The monomer units GlcNc and GlcN contribute to the total absorbance of these polymers at a particular wavelength which indicates the absence of interaction existing within the chain [@b0090].

FTIR spectrum of chitin and CNP is shown in [Fig. 2](#f0010){ref-type="fig"}(b). The spectra are typical polysaccharides and display a series of very sharp absorption peaks due to the crystallinity of the samples. The C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O stretching region of the amide, lies between 1600 and 1500 cm^−1^ [@b0135]. The peak corresponds to amide I and yields different signatures for α-chitin and β-chitin. In this study, chitin shows a split amide peak at 1657 and 1630 cm^−1^, likewise CNP show split amide I peak at 1659 and 1625 cm^−1^ and confirms the α allomorph. By contrast, β-chitin produces a single band for amide I [@b0085]. The absence of peak at 1540 cm^−1^ confirmed that the chitin and CNP are free from proteins. The peaks for NH stretching present at 3267 cm^−1^ for chitin and 3264 cm^−1^ for CNP, also confirming the purity of the samples. The intra and inter-chain hydrogen bonds of chitin give peaks at 3445, 3267, 1657 cm^−1^ and CNP give peaks at 3444, 3264, 1659 cm^−1^. Both chitin and CNP showed similar C-H bending at 1378 cm^−1^. The strong peaks present in the carbonyl region (1760--1665 cm^−1^) are characteristic peaks of α-chitin due to the stretching vibrations of CO [@b0145]. Hence the FTIR results confirmed that chitin and CNP are having same functional groups but showing shift in the peak value due to variation in DA and crystalline index.

CP-MAS ^13^C NMR spectrum of the chitin and CNP is shown in [Fig. 2](#f0010){ref-type="fig"}(c). Eight signals were obtained for eight carbons of the GlcNc, which is a monomer unit of α-chitin. The spectrum of chitin gives a signal peak at 23.60 ppm for methyl group and C1--C6 carbons give signals at 104.87, 55.90, 76.50, 84.02, 74.19 and 61.54 ppm respectively. Chitin showed a signal for carbonyl group carbon at 174.43 ppm. Likewise the methyl group of CNP gives a signal at 22.80 ppm and C1−C6 carbons give signals respectively at 104.14, 55.07, 75.72, 83.08, 73.30 and 60.84 ppm. The carbonyl group of CNP produced a signal at 173.92 ppm. The C3 and C5 carbons produced separated signals at 6.50 and 74.19 for pure chitin, and at 75.72 and 73.30 ppm for CNP respectively. This separation indicates that the isolated chitin was in α-allomorph. Sajomsang and Gonil [@b0150] have reported that the C3 and C5 signals have been clearly separated into two signals at 75.8 ppm and 73.5 ppm for α-chitin, while the C3 and C5 carbon signals have merged into a single resonance peak at 75 ppm for β-chitin. Cortizo et al. [@b0155] also reported that the differences between the two polymorphs can be attributed to differences in the C3 and C5 configurations resulting from the hydrogen bonds. Very close spectra were also reported for α-chitin isolated from other sources such as bumble bee [@b0160], shrimp [@b0035], black coral [@b0165] and cicada sloughs [@b0150]. Signal assignments were made based on Tanner et al. [@b0170].

The degree of acetylation was calculated using Eq. [(1)](#e0005){ref-type="disp-formula"}. The calculated DA for the isolated chitin and CNP were 95.61% and 96.8% respectively. Though during hydrolysis deacetylation occurred, the DA was higher than the starter chitin due to the reduction in the number of monomer units and removal of deacetylated monomers while washing with water. Degree of acetylation has varied based on the source organism, allomorphic nature and mode of isolation [@b0175]. DA values of the chitin from cicada sloughs and the chitin from rice-field crab shells were 96.8 ± 0.1% and 97.5 ± 0.1%, respectively [@b0180]. α-chitin has more DA value than that of β-chitin, as it has not been affected much during demineralization treatment. The high DA value of the CNP made it insoluble to most of the common solvents when the DA was lower than 50% and becomes soluble in water under aqueous acidic conditions [@b0185].

The diffraction pattern of the chitin and CNP has shown that five crystalline reflections in the 2*θ* range 4--40° ([Fig. 2](#f0010){ref-type="fig"}(d)). Highly intensified peak of the α-chitin has 2*θ* value 19.34 and *d*-spacing 4.58; also CNP have 2*θ* value 19.00° and *d*-spacing 4.62 nm. Similarly Joint Committee on Powder Diffraction Standards (JCPDS card no 351974) has also shown 2*θ* value 19.28° and *d*-spacing 4.60 nm for α-chitin. Diffraction pattern of chitin and CNP has shown similar crystalline reflections with the JCPDS.

Crystalline indices of chitin and CNP were calculated using Eq. [(2)](#e0010){ref-type="disp-formula"}, and were 79.04% and 83.73% respectively. In the present study, the DA decreases the crystalline index of chitin. Deacetylation of a polymer is known to decrease the crystalline index [@b0190]. According to these results, size and DA influence the crystallinity of chitin. Stawski et al. [@b0195] also reported that the crystallite size influences in the crystallization, crystalline perfection of chitin. Hence, chitin has low crystalline index than that of the CNP.

The TGA curve of chitin and CNP is shown in [Fig. 2](#f0010){ref-type="fig"}(e). In both curves the first stage of weight loss for chitin and CNP was 6.14% and 10.01% respectively at 60 °C. The second stage of weight loss for chitin occurs between 200 °C and 350 °C (42.86%); for CNP weight loss occurs between 240 °C and 450 °C (62.31%). The first stage is assigned to the loss of water because chitin has strong affinity toward water and therefore may be easily hydrated. The second stage corresponds to the thermal decomposition, vaporization and elimination of volatile compounds of chitin. In this study, third step corresponds to the remaining char and nonvolatile compounds. Al Sagheer et al. [@b0175] observed similar decomposition TGA curve for chitin isolated from the marine sources. In the present study CNP have more thermal stability than starter chitin. The property was due to high DA and crystalline index of the CNP.

The morphology of CNP under scanning electron microscope is shown in [Fig. 3](#f0015){ref-type="fig"}(a). The micrograph of has showed dispersed particles with ⩽50 nm in size with agglomerated morphology. The corresponding morphology of the particles may be due to the removal of some inorganic materials and proteins [@b0150].

Transmission electron micrograph of the CNP is shown in [Fig. 3](#f0015){ref-type="fig"}(b). TEM microgram clearly indicates that the nanoparticles are approximately spherical in morphology and have agglomeration property. Nakorn [@b0200] observed agglomeration with the particle size of 300 nm in nanowhiskers. In the present study, CNP formed after consecutive implementation of acidic hydrolysis and mechanical ultrasonication/disruption have the average particle size of 49 nm.

Dynamic light scattering of CNP and particle size distribution is depicted in [Fig. 3](#f0015){ref-type="fig"}(c). The particle size exhibited a distinct curve with average size of 115 nm. Contrastingly the TEM analysis shows average particle size of 49 nm. The increase in the particle size was due to the swelling and agglomeration property of chitin in aqueous solution. DA, hydrophobicity and the presence of amino group interacted with water are the limiting factors of swelling in chitin [@b0205], [@b0210]. Kumar et al. [@b0215] also reported that porosity and presence of ions in the aqueous solution may increase the swelling property and agglomeration of chitin.

Effect of pH on dye adsorption of CNP {#s0055}
-------------------------------------

pH plays an important role in aqueous chemistry and surface binding sites of the adsorbents. The effect of pH on the adsorption of dyes in the range from 2 to 11 at 25 ± 1 °C with 15 mg CNP in 15 mL of aqueous dye solutions (MB -- 10 mg/L, BPB -- 15 mg/L and CBB -- 25 mg/L) at a contact time of 30 min was investigated and the respective results are shown in [Fig. 4](#f0020){ref-type="fig"}(a). The percentage removal of dyes was calculated using Eq. [(3)](#e0015){ref-type="disp-formula"} for all the operating parameters. The optimum pH of the dyes (MB, BPB and CBB) was 6, 5--6 and 10 respectively. The adsorption process achieved maximum at acidic pH for MB and BPB, whereas process achieved maximum at strong alkaline pH for CBB. MB is a cationic dye which is having strong positive charge. Chitin also has positive charge and point zero pH was 5.3. When there is a decrease in the pH below point zero pH the surface of the chitin becomes more positively charged, concentration of H^+^ was high and they compete with MB cations for vacant adsorption sites causing a decrease in dye uptake. In this study the optimum pH for MB adsorption was 6, which is higher than the point zero pH. At this pH surface of chitin was negatively charged and the adsorption of MB was higher. Kushwaha et al. [@b0220] also reported that the pH of the solution to be above the point zero, and the adsorbent surface was negatively charged and favors uptake of cationic dyes due to increased electrostatic force of attraction. In the case of BPB, pH influences the adsorption process very less. Percentage of adsorption at pH 2 was observed to be about 80.7%, whereas at pH 11 it is about 82.55% ([Fig. 4](#f0020){ref-type="fig"}(a)). For BPB, the maximum adsorption of 98.6% was observed at pH 6. Physical interactions such as formation of a hydrogen bond, van der Waals interactions, ion exchange and pore diffusion also influence the adsorption process [@b0225]. By contrast, CBB shows maximum adsorption at pH 10. It appears that a change in pH of the solution results in the formation of different ionic species, and different CNP surface charges. The adsorption was low at lower pH even though the surface charge of the CNP was positive. This might have happened because of the zwitter ionic property of the dye as it gets aggregated themselves [@b0230]. In addition, with increase in the pH the adsorption of CBB gets steadily increased and at pH 10 CBB shows maximum adsorption percentage.

Effect of CNP concentration on dye adsorption {#s0060}
---------------------------------------------

[Fig. 4](#f0020){ref-type="fig"}(b) shows the effect of CNP concentration in the adsorption process. By varying the CNP concentration between 2 and 20 mg at a constant initial dye concentration (MB -- 10 mg/L, BPB -- 15 mg/L and CBB -- 25 mg/L) in 15 mL solution at a contact time of 30 min was studied. All these three dyes have shown similar results that the increase in concentration of CNP increases adsorption process. Percentage of adsorption increased from 15--95%, 27--96% and 51--99% for MB, BPB and CBB respectively. While there is an increase in the number of available adsorption sites the overall removal efficiency also gets increased [@b0235]. Similarly in this study, increase in the concentration of CNP efficiently increases the adsorption process and 20 mg of CNP has adsorbed more than 95% of dyestuff in all the experimental dyes.

Effect of initial concentration of dyes on adsorption {#s0065}
-----------------------------------------------------

The effect of various initial dye concentrations (2--20 mg/L for MB and 5--50 mg/L for BPB and CBB) on adsorption process at a fixed CNP dosage (15 mg/15 mL) and pH (6 for MB and BPB, 10 for CBB) for 30 min time interval was studied. An increase in the initial dye concentration leads to decrease in the adsorption process of the dyes ([Fig. 4](#f0020){ref-type="fig"}(c)). Due to increase in the concentration gradient between adsorbent and dyestuff, the percentage of removal was high until the system reaches its equilibrium. After equilibrium and saturation point, the dyestuff remains in the solution and the percentage of adsorption was decreased [@b0240]. In this study, maximum adsorption was observed at 6 mg/L, 10 mg/L and 5 mg/L for MB, BPB and CBB respectively. While there is an increase in the dye concentration after equilibrium, a concentration gradient between the dyestuff and CNP was developed and the adsorption process was decreased.

Effect of contact time on dye adsorption of CNP {#s0070}
-----------------------------------------------

The effect of contact time on the adsorption at constant dye concentration (MB -- 10 mg/L, BPB -- 15 mg/L and CBB -- 25 mg/L), pH (6 for MB and BPB, 10 for CBB) and 15 mg CNP at different time intervals (5--50 min) was studied and the results are shown in [Fig. 4](#f0020){ref-type="fig"}(d). The percentage removal of dyes increased dramatically in the initial stages, whereas, with increase of contact time the removal of dyes gradually gets increased until equilibrium. The optimum time taken to attain equilibrium was 30 min, 15 min and 25 min for MBB, BPB and CBB respectively. Moreover, within 5 min the percentage removal was obtained at 91% of CBB, 65% of MB and 79% of BPB by CNP. The adsorption rate was drastic in the initial contact time due to availability of the reactive site on the surface of the CNP [@b0245]. Moreover, no significant changes were observed in the percentage of removal of the dyes after equilibrium. Similarly the percentage removal was constant after equilibrium due to the slow pore diffusion or saturation of adsorbent and the adsorption percentage was stable at higher time [@b0245]. Contrary to other low cost adsorbent materials such as chitin hydrogels [@b0115], sugarcane dust [@b0250], neem sawdust [@b0255], chaff [@b0260], silica nano-sheets [@b0265], *Caulerpa racemosa var. cylindracea* [@b0270], silkworm exuviae [@b0275], CNP show faster adsorption rate.

Effect of temperature on the dye adsorption of CNP {#s0075}
--------------------------------------------------

The effect of temperature on the adsorption at constant dye concentration (MB -- 10 mg/L, BPB -- 15 mg/L and CBB -- 25 mg/L), pH (6 for MB and BPB, 10 for CBB) and 15 mg for 30 min time interval and the results are shown in [Fig. 4](#f0020){ref-type="fig"}(e). The result generally showed that the adsorption increased slightly with increase in temperature for all three dyes. This is characteristic of endothermic process and indicates that adsorption of dyes onto the chitin was enhanced at higher temperature. Similar results were reported in the adsorption of reactive red 141 [@b0280], indigo carmine and trypan blue [@b0285].

Adsorption isotherms {#s0080}
--------------------

### Langmuir adsorption isotherm {#s0085}

Langmuir isotherm model is the best known adsorption isotherm model for monolayer adsorption. The model can be represented as follows [@b0290]:$$C_{e}/q_{e} = (1/K_{L}q_{m}) + C_{e}/q_{m}$$where *q~e~* is the amount of dye adsorbed at equilibrium (mg/g); *C~e~* is the concentration of dye at equilibrium (mg/L); *q~m~* is the maximum adsorption capacity of dye per gram of adsorbent (mg/g); and *K~L~* is the Langmuir constant (L/mg). *q~e~* value of dyes was calculated using Eq. (4). The experimental data *C~e~*/*q~e~* were plotted against *C~e~* ([Fig. 5](#f0025){ref-type="fig"}(a)). Langmuir constant *K~L~*, and maximum adsorption per unit of the adsorbent (*q~m~*) were calculated from the intercept and slope value of the plot. Correlation coefficient (*R*^2^) was also calculated and the Langmuir parameters are listed in [Table 1](#t0005){ref-type="table"} for MB, BPB and CBB. Calculated *R*^2^ value for MB, BPB and CBB were 0.992, 0.999 and 0.992 respectively. Further analysis of Langmuir equation was carried out, and dimensionless equilibrium parameter (*R~L~*) was calculated. *R~L~* is used as an indicator of adsorption experiment [@b0235].$$R_{L} = 1/(1 + K_{L}C_{e})$$where *K~L~* is the Langmuir constant and *C~e~* is the initial dye concentration. The value of *R~L~* indicates the adsorption nature of the dye with the adsorbent. If the *R~L~* value is \>1, the adsorption process is unfavorable. Whether the *R~L~* value is equal to 1 or the value lies in between 0 and 1 indicates that the adsorption is linear and favorable. *R~L~* = 0 indicates irreversible adsorption process [@b0235]. In the present investigation, *R~L~* value for all the three dyes falls in between 0 and 1 and has confirmed that CNP are favorable for MB, BPB and CBB under the experimental conditions. The adsorption data were derived from the Langmuir equation and are listed in [Table 2](#t0010){ref-type="table"}.

The maximum adsorption capacity (*q~m~*) of CNP was compared with the reported by-products from the agricultural and industrial wastes assumed to be low-cost adsorbents and different dyes used are shown in [Table 3](#t0015){ref-type="table"}. The hydrolyzation of polymer into nanoparticle form will change the physical properties of the material such as surface area and particle size [@b0295]. This could be the reason for increase in the adsorption process. CNP show the better adsorption among these different biosorbents. Variation in adsorption capacity mainly attributed to the differences in experimental condition conducted and properties of adsorbent such as the specific surface area, pore size and functional groups in biosorbents [@b0240].

### Freundlich absorption isotherm {#s0090}

Freundlich isotherm describes the heterogeneous system, reversible adsorption and not monolayer formation. Thereafter it has been assumed that once a dye molecule occupies a site, no further adsorption could take place at that site [@b0115]. Freundlich isotherm equation is represented as follows:$$\text{log}\mspace{2mu} q_{e} = \log K_{F} + (\log C_{e})/n$$where *K~F~* and *n* are Freundlich constants.

The experimental data log *q~e~* were plotted against log *C~e~* to analyze the Freundlich isotherm ([Fig. 5](#f0025){ref-type="fig"}(b)). *K~F~* (mg/g) is the Freundlich isotherm constant related to adsorption capacity and *n* is the Freundlich isotherm constant related to adsorption intensity which were calculated from the intercept and the slope value of the plot. When the 1/*n* value is between 0.1 and less than equal to 0.5 the adsorption process is wonderful. If the value is between 0.5 and 1 the process is easy to adsorb and if the value is greater than 1 it is difficult to adsorb [@b0115]. In the present study 1/*n* value was closer to zero. Hence the adsorption process is more heterogeneous for all the three dyes. Correlation coefficient (*R*^2^) was also calculated from the plot and the Freundlich parameters are listed in [Table 2](#t0010){ref-type="table"}. When compared to Langmuir isotherm the *R*^2^ values are low for Freundlich isotherm. The present study has shown that the CNP obey Langmuir isotherm for MB, BPB and CBB.

Adsorption kinetics {#s0095}
-------------------

### Pseudo first order kinetics {#s0100}

The pseudo first order kinetics are represented as follows [@b0120]:$$\log(q_{e} - q_{t}) = \log q_{e} - (k_{1}t/2.303)$$where *q~e~* and *q~t~* indicate the amount of dye adsorbed at equilibrium and at a specific time (mg/g) and *k*~1~ (min^−1^) is the first order rate constant. First order rate constant *k*~1~ was calculated from the slope value of the linear plot of log (*q~e~* − *q~t~*) versus *t*. Correlation coefficient (*R*^2^) was also calculated from the plot ([Fig. 5](#f0025){ref-type="fig"}(c)). Pseudo first order parameters are listed in [Table 2](#t0010){ref-type="table"}.

### Pseudo second order kinetics {#s0105}

The pseudo second order kinetics equation is as follows [@b0120]:$$t/q_{t} = 1/(k_{2}q_{e}^{2}) + t/q_{e}$$*k*~2~ (g/mg min) is the second order rate constant.

Experimental data *t*/*q~t~* were plotted against *t* ([Fig. 5](#f0025){ref-type="fig"}(d)) and calculated the pseudo second order constant *K*~2~ and equilibrium adsorption capacity of CNP *q~e~* from the intercept and slope value. Second order kinetic parameters are listed in [Table 2](#t0010){ref-type="table"}. Correlation coefficient (*R*^2^) was also calculated from the plot. The shape of the line determines which kinetic model fit for the adsorption process [@b0240]. The *R*^2^ values for MB, BPB and CBB were 0.996, 0.999 and 0.996 respectively. *R*^2^ value indicates that the adsorption process fits better with second order kinetics rather than first order kinetics.

FTIR analysis of dye adsorption onto CNP {#s0110}
----------------------------------------

FTIR spectrum ([Fig. 6](#f0030){ref-type="fig"}) was used to analyze the changes in functional groups of CNP after the adsorption of dyestuff. The shifting of peaks after adsorption of dyestuff with CNP is listed in [Table 4](#t0020){ref-type="table"}. Significant changes were observed in the peak values, which indicate the existence of physical interaction between CNP and the dyestuff. Dolphen and Thiravetyan [@b0295] have reported similar shifting phenomenon with the adsorption of melanoidins by chitin fibers and have also stated that the shifting was due to electrostatic and chemical adsorption. When malachite green was adsorbed using chitin hydrogels, similar shifting was recorded by Tang et al. [@b0115].

Conclusions {#s0115}
===========

α-Chitin nanoparticles from the shells of *P. monodon* (Fabricius, 1798) were found to be a promising material for the purification of water dyestuff contamination. The prepared CNP have 49 nm average particle size with 96.8% DA and 83.73% crystallinity. The experiments done at various physical parameters have showed that CNP adsorb dyes in a very short period of exposure in normal environmental conditions and do not need any specific conditions for the adsorption process. The experimental data were analyzed using Langmuir, Freundlich isotherms, pseudo first and second order kinetics. By comparing the correlation coefficient determined for each linear transformation of isotherm analysis, the Langmuir isotherm was found to be the best prediction for the adsorption of MB, BPB and CBB from aqueous solutions. The results showed that adsorption of MB, BPB and CBB on CNP fitted better to the pseudo second order kinetics rather than the pseudo first order kinetics. The reaction mechanism of adsorption was due to physical adsorption occurring between the dyestuff and the CNP. The shells of *P. monodon* (Fabricius, 1798) provide a renewable material and could be acquired from shrimp farms to ensure a sustainable use of the waste material. CNP are a simple, fast reacting, low cost biodegradable materials that can be as used for effective environmental protection.
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![Chemical structure of (a) MB, (b) BPB, (c) CBB and (d) Schematic diagram of CNP formation by acid hydrolysis.](gr1){#f0005}

![(a) UV--Visible spectrum of CNP, (b) FTIR spectra of chitin and CNP, (c) ^13^C Solid state CP-MAS spectra of chitin and CNP, (d) X-ray diffraction pattern of chitin and CNP and (e) thermo gravimetric analysis of chitin and CNP.](gr2){#f0010}

![(a) SEM micrograph of CNP at 40,000× magnification, (b) TEM micrograph of CNP at 93,000× magnification and (c) particle size distribution of CNP by dynamic light scattering.](gr3){#f0015}

![Percentage removal of MB, BPB and CBB at (a) various pH, (b) various CNP concentration, (c) various initial dye concentration, (d) different contact time and (e) various temperature by CNP.](gr4){#f0020}

![(a) Langmuir isotherm, (b) Freundlich isotherm, (c) Pseudo first order kinetics and (d) Pseudo second order kinetic models for adsorption of MB, BPB and CBB onto CNP.](gr5){#f0025}

![FTIR spectrum of CNP (a) before and after (b) MB (c) BPB (d) CBB adsorption.](gr6){#f0030}

###### 

Experimental conditions of isotherm and kinetic studies.

  Dye   Dye concentration (mg/L)   pH   Temperature   CNP (mg)
  ----- -------------------------- ---- ------------- ----------
  MB    10                         6    25 ± 1 °C     15
  BPB   15                         6    25 ± 1 °C     15
  CBB   25                         10   25 ± 1 °C     15

###### 

Langmuir, Freundlich, pseudo first order and pseudo second order kinetics parameters for dye (MB, BPB, CBB) adsorption onto CNP.

  Dye   Langmuir isotherm model   Freundlich isotherm model   Pseudo first order kinetics   Pseudo second order kinetics                                                                    
  ----- ------------------------- --------------------------- ----------------------------- ------------------------------ ------- ------- ------- ------- ------- ------- ------- -------- -------
  MB    6.900                     0.027                       0.992                         0.599                          0.940   0.137   0.875   0.010   0.040   0.119   0.086   9.434    0.996
  BPB   22.720                    0.003                       0.999                         0.930                          1.380   0.052   0.981   0.000   1.360   0.124   0.001   24.390   0.999
  CBB   8.550                     0.093                       0.992                         0.395                          1.212   0.290   0.964   0.018   0.435   0.722   0.113   13.158   0.996

###### 

Comparison of the maximum adsorption of CNP and various adsorbents with different dyestuff.

  Adsorbent                              Dye               *q~m~* (mg/g)   Sources
  -------------------------------------- ----------------- --------------- ---------------
  Sugarcane dust                         Crystal violet    3.80            [@b0250]
  Neem sawdust                           Crystal violet    3.80            [@b0255]
  Chaff                                  MB                30.70           [@b0260]
  Silica nano-sheets                     MB                12.66           [@b0265]
  *Caulerpa racemosa var. cylindracea*   MB                5.23            [@b0270]
  Silkworm exuviae                       MB                29.54           [@b0275]
  Chitin hydrogels                       Malachite green   0.10            [@b0115]
  CNP                                    MB                6.90            Present study
  CNP                                    BPB               22.72           Present study
  CNP                                    CBB               8.55            Present study

###### 

Peaks of CNP and shifting of peak values (nm) after adsorption of CBB, BPB and CBB.

  Vibration modes              CNP    CNP--MB   CNP--BPB   CNP--CBB
  ---------------------------- ------ --------- ---------- ----------
  O---H stretching vibration   3445   3447      3442       3445
  Amide 1                      1657   1655      1660       1651
  Amide 1                      1630   1628      1634       1635
  Amide 2                      1561   1559      1556       1556
  C---H stretching             2925   2891      2922       2923
  C---H bending                1378   1378      1379       1380
